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Activating and Silencing the Mitotic
Checkpoint through CENP-E-Dependent
Activation/Inactivation of BubR1
defective, and Nurse and his colleagues recently have
shown that Bub1 kinase activity is essential for the mi-
totic and meiotic checkpoints in fission yeast (Yama-
guchi et al., 2003). Xenopus Mps1 kinase activity is
clearly required for the mitotic checkpoint and kineto-
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chore recruitment of CENP-E, Mad1, and Mad2 (Abrieu9500 Gilman Drive
et al., 2001). Furthermore, most of the known checkpointLa Jolla, California 92093
proteins, including Mad1 (Hardwick and Murray, 1995),
Mad2 (Wassmann et al., 2003), BubR1 (Chen, 2002; Tay-
lor et al., 2001), Bub1 (Sharp-Baker and Chen, 2001;Summary
Taylor et al., 2001), Mps1 (Stucke et al., 2002), and Cdc20
(Wu et al., 2000) are phosphorylated. However, preciselyThe mitotic checkpoint prevents advance to anaphase
what the diffusible checkpoint signal is and how spindleprior to successful attachment of every centromere/
microtubule binding to kinetochores silences the signal-kinetochore to mitotic spindle microtubules. Using pu-
ing is not understood. Whatever its composition, the acti-rified components and Xenopus egg extracts, the ki-
vated inhibitor(s) binds to and inhibits Cdc20/p55Cdc/netochore-associated microtubule motor CENP-E is
Fizzy (Fang et al., 1998; Kallio et al., 1998), which isnow shown to be the activator of the essential check-
required for the anaphase-promoting complex/cyclo-point kinase BubR1. Since kinase activity and the
some (APC/C) to ubiquitinate securin (Zur and Brandeis,checkpoint are silenced following CENP-E-dependent
2001) and cyclin B (Huang and Raff, 1999), whose de-microtubule attachment in extracts or binding of
structions are required for anaphase onset (Cohen-FixCENP-E antibodies that do not disrupt CENP-E associa-
et al., 1996; Zou et al., 1999).tion with BubR1, CENP-E mediates silencing of BubR1
Thus, this kinetochore-dependent checkpoint re-signaling. Checkpoint signaling requires the normal
quires a component(s) that can sense or directly linklevel of BubR1 containing a functional Mad3 domain
microtubule attachment and/or tension generation toimplicated in Cdc20 binding, but only a small fraction
the downstream signaling cascade. The kinetochore-need be kinase competent. This supports bifunctional
associated microtubule motor protein CENP-E probablyroles for BubR1 in the checkpoint: an enzymatic one
provides one of the links of the vertebrate checkpoint torequiring CENP-E-dependent activation of its kinase
spindle microtubule capture by kinetochores. CENP-E isactivity at kinetochores and a stoichiometric one as a
necessary for alignment of chromosomes at metaphasedirect inhibitor of Cdc20.
(Putkey et al., 2002; Schaar et al., 1997; Wood et al.,
1997) and for activation and maintenance of checkpointIntroduction
signaling in Xenopus egg extracts (Abrieu et al., 2000)
as well as prevention of premature advance to anaphase
Eukaryotic organisms have evolved a “mitotic check-
in the presence of unattached kinetochores in regener-
point” to inhibit entry into anaphase until every chromo- ating liver in mice (Putkey et al., 2002). These findings
some has successfully attached to microtubules of the implicate CENP-E as a kinetochore attachment sensor
mitotic spindle (Rieder et al., 1995). Several mitotic that simultaneously binds to microtubules and kineto-
checkpoint proteins, including Mad1 (Chen et al., 1998), chore bound checkpoint components.
Mad2 (Chen et al., 1996; Li and Benezra, 1996), Bub1 BubR1 was isolated as a Mad3/Bub1-related protein
(Sharp-Baker and Chen, 2001; Taylor and McKeon, kinase based on its similarities with the NH2-terminal
1997), Bub3 (Taylor et al., 1998), BubR1 (Chan et al., domain of the yeast checkpoint protein Mad3 (Taylor et
1999, 1998; Taylor et al., 1998), Mps1 (Abrieu et al., al., 1998). BubR1 was later found to bind directly to
2001), and CENP-E (Abrieu et al., 2000; Yen et al., 1992) CENP-E (Chan et al., 1998), with which it can be found
have now been shown to be kinetochore associated. in a stoichiometric complex (Yao et al., 2000). Microin-
Of these, genetic studies in budding yeast have impli- jection of BubR1 antibodies into Hela cells abrogated
cated the Mps1 (Weiss and Winey, 1996) and Bub1 ki- mitotic arrest after nocodazole-induced spindle disas-
nases (Farr and Hoyt, 1998; Roberts et al., 1994) to act sembly (Chan et al., 1999, 1998; Yao et al., 2000). Immu-
at or near the initial steps of the mitotic checkpoint nodepletion of BubR1 from Xenopus egg extracts also
signaling pathway. Although a mutation within the ki- prevented mitotic arrest in response to spindle damage
nase domain thought to abolish in vitro kinase activity (Chen, 2002). Moreover, although present throughout
has been reported to restore checkpoint signaling in the cell cycle, human BubR1 is a mitosis-specific kinase,
Bub1-depleted Xenopus extracts (Sharp-Baker and with an autokinase activity undetectable in interphase
Chen, 2001), a Bub1 kinase domain is universally found. but active in mitotically arrested cells (Chan et al., 1999).
In budding yeast (Roberts et al., 1994), kinase-inactivat- Furthermore, expression of a kinase-inactive mutant
ing point mutants have been reported to be checkpoint abolished the mitotic arrest induced by microtubule dis-
assembly (Chan et al., 1999). BubR1 also associates
with and can phosphorylate Cdc20 in vitro, a binding*Correspondence: dcleveland@ucsd.edu
event that inhibits Cdc20 activation of APC/C (Fang,3 Present address: CRBM, 1919 Route de Mende, 34293 Montpellier
Cedex 5, France. 2002; Sudakin et al., 2001; Tang et al., 2001) and is hence
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correlated with spindle checkpoint activation (Wu et al.,
2000). Collectively, these results have suggested that
BubR1 kinase is likely to be essential for the mitotic
checkpoint, although this view has been challenged.
Loss of checkpoint signaling following partial depletion
of it from Xenopus egg extracts has been reported to
be restored by BubR1 mutants without kinase activity
(Chen, 2002).
To test how BubR1 participates in kinetochore-depen-
dent checkpoint signaling, we have now used Xenopus
egg extracts and reconstruction with purified compo-
nents to establish that CENP-E-dependent activation of
the BubR1 kinase activity is required for checkpoint
signaling by unattached kinetochores.
Results
Xenopus BubR1 Kinase Activity Is Directly
Stimulated by CENP-E In Vitro
The 1040 amino acid Xenopus BubR1, including a pre-
dicted COOH-terminal kinase domain that is only distantly
(21% sequence identity) related to the Bub1 kinase, was
purified as a glutathione S-transferase (GST) fusion protein
following expression in E. coli (Figure 1A, lane 2). Kinase
activity was measured after addition of [-32P]-ATP and
histone H1, a frequently used substrate for such in vitro
kinase assays. This revealed that Xenopus BubR1 could
not phosphorylate histone H1 when assayed alone (Figure
1B, lane 1). Activity was, however, strongly stimulated
by CENP-E (Figure 1B, lane 3). This was not due to a
contaminating kinase from either the CENP-E or BubR1
purifications, as no such activity was seen in parallel assays
with CENP-E alone (Figure 1B, lane 2) or with (Figure 1B,
lane 5) or without (Figure 1B, lane 4) CENP-E and BubR1
containing a K787R point mutation in the ATP binding
pocket (to be referred to as kinase dead or KD-BubR1;
Figure 1A, lane 4), a mutation previously shown to inactivate
human BubR1 kinase activity (Wu et al., 2000). Kinase reac-
tions werealso performed withoutaddition of an exogenous
substrate. This revealed that BubR1 autophosphorylated
itself, but only in the presence of CENP-E (Figure 1C, com-
pare lanes 2 and 3). Under these conditions, BubR1 also Figure 1. BubR1 Kinase Activity Is Directly Activated by CENP-E
In Vitrophosphorylated CENP-E (Figure 1C, lane 3).
(A) Purification of recombinant Xenopus CENP-E and BubR1. InitialTo further investigate the specificity of apparent CENP-E
E. coli lysates encoding GST-BubR1 (lane 1) and GST-KD-activation of BubR1 kinase activity, a polyclonal antibody
BubR1(lane 3), and GST-BubR1 (lane 2) and GST-KD-BubR1 (lanegenerated to full-length recombinant BubR1 was affinity
4) after affinity purification over immobilized glutathione. An initial
purified. In Xenopus extracts, this recognized a single poly- whole-cell extract from insect cells infected with a baculovirus en-
peptide of mobility corresponding to 140 kDa (Figure coding CENP-E (lane 5) and purified CENP-E (lane 6) after two-step
1D, lane 2), a position slightly larger than predicted for ion exchange chromatography.
(B) CENP-E-dependent activation of BubR1 kinase activity. In vitrothe 117 kDa BubR1. Preincubation of the antibody with
kinase activity reactions were performed with histone H1 as therecombinant BubR1 protein abolished this signal (Figure
substrate and combinations of recombinant CENP-E, BubR1, and1D, lane 1). Immunofluorescence microscopy of Xenopus
KD-BubR1.
XL177 cells with this affinity-purified antibody revealed (C) Autophosphorylation of BubR1 in the presence of CENP-E. Equal
strong BubR1 binding to each sister kinetochore chroma- amounts of recombinant BubR1 with (lane 3) or without (lane 2)
tid pairs before and after attachment and during anaphase recombinant CENP-E were analyzed for BubR1 autokinase activity.
Recombinant BubR1 preincubated with affinity-purified BubR1 anti-(Supplemental Figures S1A–S1C, respectively, online at
body before the kinase assay (lane 4).http://www.cell.com/cgi/content/full/114/1/87/DC1).
(D) Characterization of BubR1 antibody. CSF egg extracts wereAddition of this BubR1 antibody to purified CENP-E and
immunoblotted with a BubR1 antibody (lane 2) or the same antibody
BubR1 in vitro inhibited both the BubR1 autokinase and preincubated with recombinant BubR1 protein (lane 1).
the CENP-E kinase activities (Figure 1C, lane 4). Thus, we
conclude that the observed CENP-E-dependent kinase
activity is from BubR1 and that our BubR1 antibody inhibits
the BubR1 kinase activity.
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Figure 2. BubR1 Association with CENP-E in Xenopus Egg Extracts Is Stimulated by Unattached Kinetochores and Requires the BubR1
Kinase Domain
(A and B) Immunoprecipitates from CSF-arrested egg extracts containing or not sperm nuclei and nocodazole (as indicated) with affinity-
purified chicken anti-BubR1 IgY (A) or CENP-E (B) antibody, and then probed with BubR1 (top), CENP-E (middle), or Kid (bottom) antibodies.
(Abbreviations: FL, extracts after immunoprecipitation; IP, immunoprecipitates. A 3-fold higher proportion of the bead bound fractions relative
to the depleted extracts was analyzed.)
(C) CSF egg extracts were immunodepleted of BubR1 using purified IgY (lane 1) or BubR1 (lane 2) antibodies. BubR1 and CENP-E proteins
in depleted extracts were assayed by immunoblotting with BubR1 and CENP-E antibodies.
(D) BubR1 was immunodepleted as in (C) and BubR1 or BubR11–742 was added. BubR1 antibody was then used to immunoprecipitate the
BubR1 recombinant proteins from CSF-arrested egg extracts after addition of sperm and nocodazole and then probed with BubR1 (top) and
CENP-E (bottom) antibodies.
(E–H) Recombinant BubR1, but not BubR1 lacking the kinase domain, can recruit CENP-E onto unattached kinetochores. CSF-arrested egg
extracts were mock depleted (E), BubR1 depleted (F), or BubR1 depleted and supplemented with wild-type BubR1 (G) or recombinant BubR1
lacking the kinase domain (H). After addition of sperm nuclei and nocodazole, extracts were observed by immunofluorescence with anti-
BubR1 and anti-CENP-E antibodies, and chromatin was visualized with DAPI.
(I) CSF egg extracts were depleted in BubR1 (BubR1), or depleted in BubR1 and then supplemented with either recombinant wild-type
BubR1 (BubR1  BubR1 WT) or truncated BubR1 lacks kinase domain (BubR1  BubR11–742). Each extract was then treated with high
sperm and then nocodazole for 30 min to initiate the checkpoint; aliquots were assayed at the indicated times for Cdc2 kinase activity (assayed
on histone H1) (top) and chromatin decondensation (bottom) (by visualization with DAPI).
BubR1 Association with CENP-E somes with assembled, unattached kinetochores were
produced. In mock-depleted or -undepleted extracts,in Xenopus Egg Extracts Is Stimulated
by Unattached Kinetochores this yielded an activated mitotic checkpoint, as judged
by absence of nuclear envelope reassembly and a con-The BubR1 antibody was used to quantitatively remove
BubR1 from Xenopus egg extracts, as determined by tinued high level of Cdc2 kinase activity following cal-
cium-mediated inactivation of cytostatic factor (CSF),immunoblotting of control and depleted extracts (Figure
2C, top). CENP-E was not codepleted with BubR1 (Fig- the natural inhibitor that arrests unfertilized eggs in meiosis
II. After BubR1 depletion, no BubR1 could be detectedure 2C, bottom). Following addition of sperm nuclei in
the presence of the microtubule assembly inhibitor no- at kinetochores as expected (Figure 2F), and the mitotic
checkpoint was not activated (Figure 2I, BubR1).codazole, condensed (but unreplicated) mitotic chromo-
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The activation of BubR1 kinase by purified CENP-E by addition of high levels of sperm nuclei to egg extracts
in the presence of nocodazole. After inactivation of CSF,in vitro suggested a direct interaction between BubR1
and CENP-E, an interaction previously proposed on the BubR1-depleted extracts rapidly lost Cdc2 kinase activ-
ity (assayed on histone H1) (Figure 2I, lanes 1–3) andbasis of yeast two-hybrid binding assays (Chan et al.,
1998) between the kinetochore binding portion of human returned to interphase as expected. Extracts reconstitu-
ted with recombinant BubR1 remained mitotically ar-CENP-E and the COOH-terminal 642 amino acids of
human BubR1 (which includes the kinase domain). To rested (Figure 2I, lanes 4–6), demonstrating that check-
point loss in BubR1-depleted extracts was a directtest for such an interaction in Xenopus egg extracts,
BubR1 was immunoprecipitated either in the presence consequence of the loss of BubR1 function. In contrast,
upon supplementing with BubR11–742 lacking the kinaseor absence of added sperm nuclei and/or nocodazole.
Immunoprecipitates obtained with BubR1 antibody were domain, mitotic arrest could not be maintained (Figure 2I,
lanes 7–9). Thus, the kinase domain of BubR1 is necessaryfound to contain comparable levels of BubR1 under all
conditions (Figure 2A, lanes 2–4, top). However, CENP-E for its association with CENP-E, CENP-E recruitment to
kinetochores, and mitotic checkpoint activation.coprecipitated with BubR1 only in extracts in which the
checkpoint was chronically activated by a high concen-
tration of unattached kinetochores (addition of sperm BubR1 Kinase Activation Requires CENP-E and Is
nuclei and nocodazole) (Figure 2A, lane 4). Thus, BubR1 Silenced by Kinetochore Microtubule Capture
association with CENP-E is stimulated by the presence CENP-E has been shown to be required for establishing
of unattached kinetochores. and maintaining the mitotic checkpoint, with depletion
Reciprocally, immunoprecipitates with a CENP-E anti- of it preventing recruitment of the Mad1/Mad2 complex
body (raised against amino acids 826–1106 in the rod to kinetochores (Abrieu et al., 2000). To determine if
domain [Wood et al., 1997]) bound BubR1 only in the CENP-E is also necessary for targeting BubR1 to kineto-
presence of kinetochores and contained higher amounts chores, CENP-E was quantitatively immunodepleted
of BubR1 in checkpoint-activated extracts (Figure 2B, from egg extracts without detectably depleting BubR1
lane 3) compared to similar extracts in which the check- (Figure 3A). Removal of CENP-E eliminated mitotic
point was satisfied by microtubule attachment to kineto- checkpoint signaling and binding of Mad2 to unattached
chores (Figure 2B, lane 2). Additionally, the coimmuno- kinetochores (data not shown). However, BubR1 binding
precipitation was not the consequence of precipitating at kinetochores remained, albeit at a slightly reduced
whole chromosomes: the chromosome bound chro- level (Figure 3B).
mokinesin Kid was not detected in any immunopre- Since BubR1 kinase activity is directly stimulated by
cipitates (Figures 2A and 2B, bottom). Thus, BubR1 as- CENP-E in vitro (Figure 1), we tested if the kinase activity
sociation with CENP-E is stimulated by the presence of of endogenous BubR1 is also CENP-E-dependent. To
unattached kinetochores. do this, kinase activity was measured in immunoprecipi-
tates of CENP-E or BubR1 from CSF-arrested egg ex-
tracts with activated mitotic checkpoint signaling (con-The BubR1 Kinase Domain Is Necessary
for Kinetochore Recruitment of CENP-E taining unattached kinetochores after sperm addition
in the presence of nocodazole-mediated microtubuleand Mitotic Checkpoint Activation
To test whether the kinase domain of Xenopus BubR1 disassembly) or with a satisfied checkpoint (after sperm
addition and spindle microtubule capture by kineto-is necessary for its interaction with CENP-E, a truncated
BubR1 (BubR11–742) recombinant protein was generated chores). Only CENP-E immunoprecipitates from ex-
tracts with an activated checkpoint and containing co-containing amino acids 1–742 but lacking the kinase
domain. Wild-type BubR1 or BubR11–742 were added to precipitated BubR1 (Figure 2B, lane 3) were capable
of efficiently phosphorylating an exogenous substrateBubR1-depleted egg extracts, followed by addition of
sperm nuclei and nocodazole. As was the case for the such histone H1 (Figure 3C, lane 4). This kinase activity
was eliminated by addition to the assay of BubR1 antibod-endogenous BubR1 (Figure 2A, lane 4), CENP-E coim-
munoprecipitated from these extracts with full-length ies (Figure 3C, lane 5), verifying that the activity measured
is from BubR1. Moreover, no kinase activity was detectedrecombinant BubR1 (Figure 2D, lane 1), but none precipi-
tated with the truncated BubR1 lacking the kinase do- from BubR1 immunoprecipitates under any conditions
(Figure 3C, lanes 6–9), further demonstrating that thismain (Figure 2D, lane 2).
To determine if the kinetochore localization of CENP-E BubR1 antibody inhibits BubR1 kinase activity.
To further verify that BubR1 kinase activity in eggwas mediated through the interaction with BubR1, mi-
totic chromosomes were assembled after addition of extracts with unattached kinetochores is dependent on
CENP-E, GST-tagged BubR1, which complements thesperm nuclei and nocodazole to egg extracts. Immuno-
fluorescence staining revealed CENP-E colocalized with checkpoint after depletion of endogenous BubR1 (Fig-
ure 2I, lanes 4–6), was added to BubR1-depleted ex-BubR1 at unattached kinetochores (Figure 2E). After
BubR1 depletion, neither BubR1 nor CENP-E could be tracts. BubR1 was immunoprecipitated using a GST an-
tibody and assayed for kinase activity. Consistent withdetected at kinetochores (Figure 2F). Upon addition to
BubR1-depleted extracts, both wild-type BubR1 and CENP-E immunoprecipitation, only the immunoprecipi-
tates from checkpoint-activated extracts were capableBubR11–742 efficiently bound to unattached kinetochores
(Figures 2G and 2H), but only wild-type BubR1 restored of efficiently phosphorylating exogenous substrates like
histone H1 (Figure 3D, lane 3). Similar amounts of BubR1CENP-E kinetochore association (Figure 2G).
Whether the interaction between BubR1 and CENP-E recombinant protein were found in immunoprecipitates
from extracts without unattached kinetochores (eitheris essential for mitotic checkpoint signaling was tested
CENP-E Activates BubR1 in the Mitotic Checkpoint
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Figure 3. CENP-E Is Not Required for BubR1 Kinetochore Localization, but Is Essential for BubR1 Kinase Activation in Xenopus Egg Extracts
(A) Immunodepletion of CENP-E from CSF egg extracts using purified IgG or CENP-E antibodies. The depleted extracts were immunoblotted
with CENP-E or BubR1 antibodies.
(B) Localization of BubR1 to kinetochores is not dependent on CENP-E. CSF egg extracts were mock depleted (IgG, top row) or CENP-E
depleted (CENP-E, bottom row). Sperm nuclei and nocodazole were added and after 30 min, CENP-E and BubR1 locations were visualized
by immunofluorescence as indicated (green). (blue) DAPI was used to visualize the chromatin.
(C) Kinase activity in CENP-E and BubR1 immunoprecipitates from metaphase-arrested egg extracts containing or not sperm nuclei and
nocodazole as indicated. Immunoprecipitates were incubated with purified histone H1 in the presence of [-32P]-ATP. Reaction products were
then analyzed by SDS-PAGE and autoradiography.
(D) Kinase activity in BubR1 immunoprecipitates from mock-depleted or CENP-E-depleted CSF extracts assayed in the presence or absence
of unattached kinetochores. BubR1 was immunodepleted as in Figure 2C, and GST-BubR1 was added to the level of endogenous BubR1 in
extracts containing or not sperm nuclei and nocodazole as indicated. After 30 min, GST-BubR1 was immunoprecipitated and immunoblotted
with BubR1 antibody (bottom) or kinase activity measured after addition of histone H1 and [-32P]-ATP (top).
(E) Addition of a kinase-inhibiting BubR1 antibody disrupts the mitotic checkpoint. CSF extracts were treated with BubR1 (lanes 1–3) or
nonspecific (IgY) (lanes 4–6) antibodies for 30 min and then incubated with sperm nuclei and nocodazole for 30 min. Subsequently, at the
times indicated following release from the CSF arrest, aliquots were assayed for Cdc2 kinase activity (assayed on histone H1).
(F–I) BubR1 antibody inhibits kinase activity without removing BubR1 or CENP-E from kinetochores. Immunofluorescence detection of BubR1
and CENP-E or Mad2 visualized 30 min after adding antibodies as in (E). Samples were fixed and BubR1 localization was determined using
a rhodamine-labeled antibody to chicken IgY. CENP-E or Mad2 were detected using rabbit CENP-E or Mad2 antibodies, respectively, followed
by FITC-labeled antibody to rabbit IgG.
without mitotic chromosomes [Figure 3D, lane 1] or with BubR1 Kinase Activity Is Required for Mad2, but
Not CENP-E, Recruitment to Kinetochoresaligned chromosomes [Figure 3D, lane 2]); however, no
kinase activity was detected. Furthermore, even in the To test a requirement for BubR1 kinase activity in the
mitotic checkpoint, the kinase-inactivating BubR1 anti-presence of high levels of unattached kinetochores,
BubR1 kinase activity was nearly eliminated by CENP-E body was added to egg extracts prior to addition of
sperm nuclei and nocodazole. This did not prevent kinet-immunodepletion (Figure 3D, lane 6; compare with lane
3). Thus, BubR1 kinase activation in the presence of unat- ochore binding of BubR1 (visualized by addition of a
secondary antibody coupled to rhodamine—Figures 3Gtached kinetochores in egg extracts requires CENP-E,
while the same activity is silenced after CENP-E facilitated and 3I) or CENP-E (compare Figures 3F and 3G). How-
ever, detectable Mad2 binding to kinetochores wasmicrotubule capture by those kinetochores.
Cell
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Figure 4. CENP-E-Activated BubR1 Kinase Activity Is Necessary for Mitotic Checkpoint Signaling in Xenopus Egg Extracts
(A–H) Egg extracts were (A) mock depleted with a control IgY or (B–H) depleted with affinity purified anti-BubR1 antibodies, and then
supplemented with (B) nothing, (C) wild-type recombinant BubR1, (D) KD-BubR1, (E) 10% wild-type recombinant BubR1, (F) 10% wild-type
recombinant BubR1 plus KD-BubR1, (G) 20% wild-type recombinant BubR1, or (H) 20% mock-depleted extract plus KD-BubR1. After incubation
with nuclei and nocodazole, calcium was added to the extracts to inactivate CSF. Aliquots were taken from each extract at indicated time
and then assayed by autoradiography for Cdc2 kinase activity using added histone H1 as a substrate (left) and chromatin condensation (right).
(I) BubR1 levels were determined by immunoblot in extracts (lane 1) mock depleted or BubR1-depleted and supplemented with (lane 2)
recombinant BubR1 and (lane 3) KD-BubR1.
(J–M) Immunofluorescence detection of BubR1 (J and L), CENP-E (K), and Mad2 (M) in BubR1-depleted extracts supplemented with either
100% or 20% recombinant BubR1 protein.
(N–S) Immunofluorescence detection of BubR1 and CENP-E (N–P) or Mad2 (Q–S) visualized in BubR1-depleted (N and Q), BubR1-depleted
and supplemented with recombinant BubR1 (O and R), and KD-BubR1 (P and S) CSF egg extracts in which the checkpoint had been activated
by addition of sperm nuclei and incubation in nocodazole for 30 min.
eliminated (Figure 3I), and the checkpoint was not acti- both by Cdc2 kinase activity and chromosome decon-
densation (compare Figures 4C and 4D).vated (Figure 3E, lanes 4–6) despite sufficient unat-
tached kinetochores to produce a long-term checkpoint Further, chromosomes in BubR1-depleted egg ex-
tracts supplemented with either BubR1 or KD-BubR1arrest in the absence of BubR1 antibodies (Figure 3E,
lanes 1–3). efficiently bound to kinetochores when added to de-
pleted extracts (Figures 4O and 4P, and 4R and 4S). AsBubR1 was also immunodepleted from egg extracts
containing a high concentration of unattached kineto- expected, kinase-competent BubR1 restored kineto-
chore binding of both CENP-E (Figure 4O) and Mad2chores (following addition of sperm nuclei and nocoda-
zole). Mock-depleted extracts maintained a high level (Figure 4R). However, kinetochore bound KD-BubR1 did
not facilitate recruitment of Mad2 to kinetochores (Fig-of Cdc2 kinase activity and the chromosomes remained
condensed for at least 60 min after elimination of CSF ure 4S), although it did stimulate binding of a normal
level of CENP-E (Figure 4P). Thus, at least one essentialarrest with calcium (Figure 4A), indicating checkpoint
activation. BubR1-depleted extracts, on the other hand, role for the BubR1 kinase is mediating the recruitment
to unattached kinetochores of Mad2.showed no checkpoint arrest, inactivating Cdc2 kinase
activity and reassembling nuclei around decondensing
chromosomes within 60 min (Figure 4B). Addition of A Requirement of Multifunctional Roles
for BubR1 in the Checkpointrecombinant kinase-competent BubR1, but not the ki-
nase-inactive point mutant (KD-BubR1; Figure 1B, lane While the checkpoint was restored to BubR1-depleted
extracts by the normal level of kinase-active BubR1,4), to a level comparable to that of endogenous BubR1
(Figure 4I) restored checkpoint signaling as assayed addition of kinase-active BubR1 to only 10% (Figure
CENP-E Activates BubR1 in the Mitotic Checkpoint
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Figure 5. A Requirement of the Mad3-like Domain for BubR1 in the Mitotic Checkpoint
(A) Xenopus BubR1 protein structure showing the relative positions of a KEN box, the NH2-terminal Mad3-like domain, the Bub3 binding
domain, and the kinase domain.
(B) BubR1 lacking the Mad3-like domain cannot restore the mitotic checkpoint. BubR1-depleted CSF extracts were supplied with wild-type
BubR1 or BubR1191–1040 and incubated with high sperm nuclei and nocodazole to activate the mitotic checkpoint. After CSF inactivation, aliquots
were taken at indicated times and assayed for Cdc2 kinase activity (on histone H1).
(C and D) BubR1 lacking the Mad3-like domain restores CENP-E (C) and Mad2 (D) recruitment onto unattached kinetochores. Immunofluores-
cence of BubR1 and CENP-E or Mad2 in BubR1-depleted CSF arrested extracts supplemented with BubR1 (top) or BubR1191–1040 (bottom).
4E) or 20% (Figure 4G) the normal level (with either (Hardwick et al., 2000), and BubR1 binding can inhibit
recombinant BubR1 [Figures 4E and 4G] or by addition Cdc20 activation of APC/C for ubiquitination of mitotic
to depleted extracts of a one-tenth volume of unde- substrates (Fang, 2002; Tang et al., 2001). To examine
pleted extracts containing wild-type BubR1 [data not a requirement for this Mad3-like domain in checkpoint
shown]) did not restore the checkpoint. Since BubR1 activation, BubR1 was immunodepleted from egg ex-
(Figures 4J and 4L), CENP-E (Figure 4K), and Mad2 (Fig- tracts and either recombinant wild-type BubR1 or
ure 4M) were recruited to their normal levels at unat- BubR1 deleted in the Mad3 domain (BubR1191–1040) was
tached kinetochores and the specific activity of the then added to restore the intial level of BubR1. Both
CENP-E-stimulated kinase activity of BubR1 was similar wild-type BubR1 and BubR1191–1040 were recruited to the
to that in undepleted extracts (data not shown), the normal level at kinetochores, as were CENP-E (Figure
failure of these low levels of BubR1 to sustain the check- 5C) and Mad2 (Figure 5D), the latter indicative of compa-
point suggested a noncatalytic role for BubR1 that re- rable CENP-E-dependent activation at kinetochores of
quired normal BubR1 level. This was tested by addition BubR1 kinase activity. Without the Mad3 domain, how-
of kinase-competent BubR1 and KD-BubR1 to 10% and ever, BubR1191–1040 did not restore the checkpoint (Figure
90%, respectively, the initial level of endogenous BubR1. 5B, lanes 7–9), even though Mad2 was recruited to nor-
This partially restored the checkpoint (Figure 4F). Fur- mal levels (Figure 5D). Thus, BubR1 appears necessary
ther, the checkpoint was fully maintained for at least for two distinct roles in mitotic checkpoint signaling:
60 min when the proportion of kinase active BubR1 one is a catalytic one, requiring the kinase, while the
was raised to 20% the normal level, but again only other requires normal levels of BubR1 with an intact
in the presence of kinase inactive BubR1 added to at Mad3 domain (with or without a functional kinase ac-
least 80% of the initial level of endogenous BubR1 (Fig- tivity).
ure 4H). Checkpoint restoration required CENP-E. When
both BubR1 and CENP-E were depleted, neither wild-
Inactivation of BubR1 Kinase Activity Silencestype BubR1 alone nor 20% wild-type BubR1 plus 80%
Checkpoint SignalingKD-BubR1 restored the checkpoint unless recombinant
It has previously been shown that binding to CENP-ECENP-E was also restored to the extracts (Supplemental
of an antibody (-CENP-Etail) raised against the carboxy-Figure S2).
terminal rod and tail portions silences checkpoint signal-The amino terminus of BubR1 contains a 200 amino
ing in Xenopus egg extracts without removing or reduc-acid domain of high-sequence homology with yeast
Mad3 (Figure 5A) that includes a binding site for Cdc20 ing CENP binding at kinetochores (Abrieu et al., 2000).
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Figure 6. Inactivating BubR1 Kinase Activity Silences Checkpoint Signaling
(A–D) BubR1-depleted CSF extracts were supplied with GST-BubR1, the checkpoint was initially activated by addition of a high concentration
of sperm nuclei and nocodazole, and nonimmune IgG or CENP-Etail antibodies were added. (A) GST pull down recovered the BubR1, which
was then assayed for kinase activity on histone H1 (top). Immunoblotting with BubR1 antibody confirmed the level of GST-BubR1 in the pull
down (bottom). (B) The CENP-Etail antibody did not disrupt the CENP-E and BubR1 complex. CENP-E (B) or BubR1 (C) was immunoprecipitated
with CENP-Erod or BubR1 antibodies, respectively, and immunoblots of the precipitates were probed with CENP-E or BubR1 antibodies. (D)
Kinetochore localization of CENP-E and BubR1 30 min after adding IgG or CENP-Etail antibodies.
(E) Nonimmune rabbit IgG or CENP-Etail antibodies were added to undepleted CSF egg extracts supplemented with high sperm and nocodazole.
Cdc2 kinase activity was assayed (on histone H1) at the indicated times after CSF inactivation.
(F) Top: addition of CENP-Etail antibody to purified CENP-E and Gst-BubR1 inactivates CENP-E-dependent stimulation of BubR1 kinase activity.
In vitro kinase activity reactions were performed with histone H1 as the substrate and combinations of purified CENP-E and BubR1 and the
CENP-Etail antibody. Bottom: after GST pull down, BubR1 and CENP-E complex formation in the absence (lane 3) or presence (lane 4) of the
CENP-E antibody was assayed by SDS-PAGE and Coomassie blue staining. One-fifth of the input purified GST-BubR1 and CENP-E recombinant
proteins were analyzed in lanes 1 and 2. (Lane 5) Similar GST pull down in the absence of added GST-BubR1.
To test whether this CENP-E antibody-mediated silenc- pure complexes of CENP-E-BubR1 (Figure 6F). As in
the whole extracts, this eliminated stimulation of BubR1ing of checkpoint signaling correlates with inactivation
of BubR1 kinase activity, the checkpoint was activated kinase activity by CENP-E in vitro (Figure 6F, lane 4,
top) without disrupting the interaction between purifiedby addition of sperm and nocodazole after replacement
of endogenous BubR1 with GST-BubR1. Subsequent CENP-E and BubR1 (Figure 6F, lane 4, bottom).
addition of the CENP-Etail antibody, but not nonimmune
IgG, silenced the checkpoint (Figure 6E), without dimin- Discussion
ishing either CENP-E or BubR1 at unattached kineto-
chores (Figure 6D). Immunoprecipitation with an addi- Activating and Silencing the Mitotic Checkpoint
through CENP-E-Dependent Activationtional CENP-E antibody (-CENP-Erod) raised against the
amino-terminal portion of the helical rod domain (Figure of BubR1 at Kinetochores
To our earlier finding that the kinetochore-associated6B) or with a BubR1 antibody (Figure 6C) confirmed that
BubR1-CENP-E complexes were undiminished after the microtubule motor protein CENP-E is required for estab-
lishing and maintaining the mitotic checkpoint (Abrieu et-CENP-Etail antibody addition. Despite this, BubR1 ki-
nase activity (assayed after GST pull down of the GST- al., 2000), the evidence here strongly supports a model
(Figure 7) for BubR1-dependent activating and silencingBubR1) was sharply decreased (Figure 6A).
To test if the CENP-Etail antibody directly inhibited the mitotic checkpoint signaling in which BubR1 recruits
CENP-E onto unattached kinetochores and a direct in-CENP-E activated BubR1 kinase, it was also added to
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age. (3) Interaction of BubR1 with CENP-E is enhanced
in the presence of unattached kinetochores. (4) BubR1
kinase activity requires CENP-E in Xenopus egg extracts
and is directly activated by it in vitro. (5) Reconstitution
of BubR1-depleted egg extracts with kinase competent,
but not kinase inactive, BubR1 restores the checkpoint.
(6) Addition of a CENP-E antibody inactivates the
CENP-E-mediated stimulation of BubR1 kinase activity
without disrupting the complex reconstituted with puri-
fied components in vitro or in Xenopus extracts and
eliminates mitotic checkpoint signaling in those ex-
tracts. Finally, despite checkpoint silencing after attach-
ment, Xenopus CENP-E and BubR1 remain undimin-
ished at kinetochores through anaphase A, consistent
with suppression by CENP-E of BubR1 checkpoint activity
at kinetochores following CENP-E-mediated microtubule
capture.
This model almost certainly represents the case in the
mammalian mitotic checkpoint as well. Purified human
CENP-E also strongly stimulates a basal kinase activity
of human BubR1 (Weaver et al., 2003). Although a check-
point signal sufficient to sustain a long-term arrest can
be produced in the absence of CENP-E when many
or all kinetochores are unattached (Yao et al., 2000),
following CENP-E gene deletion neither primary mouse
fibroblasts nor hepatocytes in regenerating liver in mice
sustain a mitotic checkpoint, producing instead chro-
mosomal missegregation errors of in 25%–95% of divi-
Figure 7. Activating and Silencing the Mitotic Checkpoint through sions (Putkey et al., 2002; Weaver et al., 2003).
CENP-E-Dependent Activation of BubR1
In Xenopus egg extracts, CENP-E-dependent activation of BubR1 A Requirement for the BubR1 Kinase
kinase activity is necessary for establishing the mitotic checkpoint. at Vertebrate Kinetochores
Before spindle microtubule capture, BubR1 is essential for recruit-
BubR1 is found in organisms where the checkpoint isment to unattached kinetochores of CENP-E, and the direct associa-
itself essential, whereas its homolog in organisms wheretion of CENP-E with BubR1 activates the BubR1 kinase that is neces-
sary for mitotic checkpoint signaling. The checkpoint is silenced the checkpoint is dispensable is Mad3, which clearly
by CENP-E-mediated spindle microtubule capture, which alters or lacks a kinase domain. This difference strongly suggests
eliminates CENP-E interaction with BubR1, inactivating BubR1 ki- that BubR1 has acquired an additional role for which the
nase activity. kinase is required. Moreover, coimmunoprecipitation of
Mad2 with Cdc20 in yeast does not depend on Mad3
(Hardwick et al., 2000), while depletion of BubR1 in
teraction between BubR1 and CENP-E activates the Xenopus egg extracts greatly reduces the interaction
BubR1 kinase. The activated BubR1 then initiates its role at between Mad2 and Cdc20 (Chen, 2002). Thus, a likely
unattached kinetochores, leading to a signaling cascade additional role for BubR1 kinase is to facilitate the rapid
that generates and releases one or more active inhibitors (possibly catalytic) recruitment, conversion, and/or re-
that sequester Cdc20 to prevent destruction of essential lease of Mad2 or other checkpoint proteins in a form(s)
components, including securin, whose loss is required that can readily bind Cdc20, thus inhibiting APC/C activ-
for advance to anaphase. When kinetochore-associated ity for substrates whose loss is required for the transition
CENP-E captures a spindle microtubule(s), that binding to anaphase.
and/or the subsequent tension developed across biori- CENP-E appears to be an important component of
ented chromatid pairs (mediated in part by CENP-E [Put- this additional BubR1 function. BubR1 with a kinase
key et al., 2002; Yao et al., 2000]), is transmitted through domain is found only in organisms that have a CENP-E
the 200 nm rod domain of CENP-E and alters CENP-E homolog (including Drosophila, Xenopus, Arabidopsis,
interaction with BubR1 without disrupting the complex. mice, and humans), whereas organisms without an ap-
This removes activation of the BubR1 kinase, thereby parent CENP-E homolog (including C. elegans and both
silencing kinetochore-dependent checkpoint signal budding and fission yeasts) have Mad3 lacking a kinase
generation and allowing anaphase to proceed after de- domain. Further, in cycling mammalian cells, CENP-E
cay of the previously made kinetochore-derived inhib- accumulates in G2/M and is then degraded after ana-
itor(s). phase onset as quantitatively as is cyclin B (Brown et
Evidence for this model includes the following. (1) al., 1994), while BubR1 kinase is activated only in mitosis
BubR1 kinetochore localization, but not its kinase activ- (both as we have shown here in egg extracts and pre-
ity, is required for CENP-E kinetochore association. (2) viously shown in mammalian cells [Chan et al., 1999]).
Immunodepletion of CENP-E from Xenopus egg extracts From this, and the one-to-one correspondence of a
does not affect BubR1 kinetochore association, al- BubR1 kinase domain and CENP-E, we propose that
CENP-E is the cyclin for BubR1 kinase.though extracts fail to arrest in response to spindle dam-
Cell
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BubR1 Purification, Antibody Production,A Multifunctional Role of BubR1
and Immunoblottingin the Mitotic Checkpoint
Full-length BubR1 protein was expressed in insect cells infectedBubR1 has also been implicated directly as an APC/C
with a baculovirus encoding BubR1 with a His tag at the NH2 termi-inhibitor (Fang, 2002; Sudakin et al., 2001; Tang et al., nus and purified over an Ni-NTA column. The purified protein was
2001) by binding the APC/C activator Cdc20. Inhibitory used to raise antibodies in chickens and sera were affinity-purified
on immobilized BubR1 fusion protein.activity has been argued to be either BubR1 alone (Tang
Immunoblots were blocked with TBST (20 mM Tris-HCl [pH 7.6],et al., 2001) or in an MCC complex that contains stoichio-
150 mM NaCl, 0.1% Tween) containing nonfat dry milk and thenmetric amounts of BubR1, Bub3, Mad2, and Cdc20 that
probed with affinity-purified primary antibodies in TBST. Primaryforms in a kinetochore-independent manner in mam-
antibodies were visualized using a horseradish peroxidase-labeled
mals (Sudakin et al., 2001) and in yeast (Fraschini et goat anti-chicken IgY secondary antibody and ECL.
al., 2001). Moreover, a kinase-deficient BubR1 fragment
inhibited APC/C as effectively as wild-type BubR1 in Xenopus Egg Extracts
vitro (Tang et al., 2001). Added to this was the finding CSF-arrested extracts were prepared from unfertilized Xenopus
eggs as previously described (Murray, 1991). Checkpoint extractsthat checkpoint signaling was eliminated by partial im-
were prepared from these by incubation with 9000 demembra-munodepletion of BubR1 from Xenopus egg extracts
nated sperm nuclei/l and 10 g/ml nocodazole (Minshull et al.,that removed free BubR1 while leaving a significant level
1994). Exit from CSF arrest was induced by addition of 0.4 mMof wild-type, kinase-competent BubR1 at kinetochores
CaCl2.(e.g., Figure 3 of Chen, 2002). As we have shown here, For immunodepletion, 100 g of affinity-purified antibodies or
even 20% of the normal level of kinase-competent nonimmune chicken IgY were bound to 100 l Dynal beads protein
A, which is precoupled to 50 g AffiniPure rabbit Anti-chicken IgYBubR1 cannot sustain BubR1’s role(s) in the checkpoint,
antibodies (Jackson ImmunoResearch, West Grove, PA). CSF eggdespite normal levels of BubR1, CENP-E, and Mad2
extracts (100 l) were added for 1 hr at 4C. For antibody additionrecruited onto unattached kinetochores (Figures 4J–
experiments, affinity-purified antibodies or nonimmune chicken IgY4M), while a small proportion of kinase active along with
were added to CSF egg extracts at 100 g/ml.
a larger amount of kinase-inactive BubR1 that together Immunofluorescence with Xenopus egg extracts was performed
restore BubR1 to normal levels is sufficient to provide as previously described (Wood et al., 1997). Mad2 and CENP-E
antibodies were visualized by FITC-conjugated goat anti-rabbit anti-checkpoint signaling to extracts initially depleted of
body. Anti-BubR1 antibody was visualized by rhodamine-conju-BubR1 (Figure 4H). Further, kinase-competent BubR1
gated donkey anti-chicken IgY antibody. Immunoprecipitation wasdeleted in the Mad3 homology domain recruits all tested
performed as previously described (Abrieu et al., 2001). For immuno-checkpoint components including Mad2 to kineto-
fluorescence, all images in each experiment were collected on the
chores and, yet, the checkpoint is not activated (Figures same day using identical exposure times.
5B and 5C).
From this, we propose two roles for BubR1 in the Recombinant Protein Production
checkpoint signaling cascade. CENP-E-stimulated BubR1 Xenopus CENP-E was expressed in insect cells infected with a
baculovirus encoding XeCENP-E and purified after a two-step ionkinase is essential for one or more local roles as a kineto-
exchange chromatography as previously described (Abrieu et al.,chore bound catalytic facilitator for the rapid recruitment
2000). Xenopus BubR1 fused to GST was expressed in E. coli. Aor activation of inactive substrates (e.g., Mad2 or BubR1)
kinase-dead version (KD-BubR1) was constructed by introducing aand/or their rapid release as diffusible Cdc20-APC/C
point mutation (K787R) in the ATP binding pocket (by analogy with
inhibitors following activation. Added to this is a Mad3- human BubR1). The corresponding fusion proteins were purified
like role including as a diffusible inhibitor downstream over glutathione-Sepharose beads.
of the kinetochore for which the BubR1 kinase activity
is dispensable. In Vitro Kinase Assay
For kinase assays, CENP-E or BubR1 immunoprecipitates were in-This highlights a key unsolved issue: what is the kinet-
cubated at room temperature for 30 min with 25 mM Hepes (pHochore-dependent inactivator of APC/C? Proposals
7.5), 10 mM MgCl2, 200 M ATP, and 1 Ci [32P]-ATP and 100 ghave included rapid conversion of Mad2 (Howell et al.,
histone H1 as an exogenous substrate. Recombinant WT-BubR12000) to an oligomeric form (Fang et al., 1998), or some
and KD-BubR1 were incubated with or without CENP-E and then
activated form of BubR1 (Tang et al., 2001), or even assayed in the presence or absence of 100 g histone H1 as de-
modification of APC/C itself (Sudakin et al., 2001). Solu- scribed. Autokinase assays were performed without addition of his-
tone H1.tion of this will require clarifying the relationship between
kinetochore bound BubR1 and Cdc20 bound BubR1 and
determination of the target(s) for the BubR1 kinase at Acknowledgments
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